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Our previous work demonstrated that Xenopus ectoderm cells undergo an alkalinization in response to planar inductive
signals during neural induction in explants. We have examined the role of intracellular alkalinization in the establishment
of anterior neural fate. First, RT-PCR was used to examine neural-speci®c gene expression in planar explants in which the
alkalinization is prevented by treatment with 4,4*-dihydrodiisothiocyanatostilbene-2,2*-disulfonate (H2DIDS). In explants
cultured in the presence of H2DIDS, expression of NCAM and the anterior neural gene otx2 is greatly reduced or absent.
Second, neural-speci®c gene expression was examined in isolates of uninduced animal cap ectoderm cultured in the presence
of either methylamine or ammonium chloride. NCAM, otx2, and the anterior neural inducer noggin were expressed in
alkalinized ectoderm, while the more posterior neural markers krox-20 and Hox B9 were undetectable. Expression of
NCAM, otx2, and noggin was observed at stage 11 in both alkalinized ectoderm and the newly induced neural plate,
suggesting that intracellular alkalinization could contribute to propagation of noggin signaling through the dorsal ectoderm.
Alkalinization of uninduced ectoderm at stage 10.5 led to an upregulation of otx2 within 15 min. Activation of NCAM
expression in alkalinized dissociated cells was identical to that observed in intact animal caps, indicating that alkalinization-
mediated changes in gene expression do not require cell±cell contact. Finally, the effects of intracellular alkalinization on
protein tyrosine phosphorylation were investigated using 2D gel electrophoresis and immunoblots probed with an anti-
phosphotyrosine antibody. Several phosphorylated proteins detected in induced and alkalinized ectoderm were greatly
reduced or absent in uninduced ectoderm, indicating that alkalinization elicits alterations in tyrosine phosphorylation
similar to some of those observed during neural induction in vivo. Our results indicate that intracellular alkalinization
plays a critical role in the activation of anterior neural-speci®c gene expression and that alkalinization may act by regulating
the activity of a tyrosine kinase or phosphatase. q 1998 Academic Press
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INTRODUCTION 1995) or endogenous retinoids (Papalopulu et al., 1991; Ruiz
i Altaba and Jessell, 1991) may promote posterior positional
identity. These ®ndings suggest that the choice of ectoder-The renewed investigation of molecular mechanisms un-
mal cell fate and positional identity arise from the integra-derlying neural induction in Xenopus has identi®ed several
tion of information provided by these signals, which mayexternal signals that may regulate neural speci®cation in
act in an antagonistic or combinatorial fashion. Despite thevivo. These include the neural repressor bone morphogene-
identi®cation of candidate neural inducers, however, ourtic protein-4 (BMP-4) (Wilson and Hemmati-Brivanlou,
understanding of the intracellular signaling pathways that1995) and its antagonists, the anterior neural inducers nog-
transduce this information from the plasma membrane togin (Lamb et al., 1993; Zimmerman et al., 1996) and chordin
the nucleus remains extremely limited.(Sasai et al., 1995; Piccolo et al., 1996), as well as the poste-
Two lines of evidence support the hypothesis that cellrior neural inducer bFGF (Kengaku and Okamoto, 1993,
signaling during neural induction is mediated in part by1995). Additional factors may participate in the establish-
regulation of intracellular pH. First, we have previouslyment of anteroposterior pattern without inducing neural
shown that ectoderm cells undergo an increase in intracel-tissue: X-banded hedgehog may act as an anteriorizing sig-
lular pH (pHi) of 0.1±0.2 pH units in response to neuralnal (Ekker et al., 1995), while Xwnt 3A (McGrew et al.,
induction in planar explants of the dorsal marginal zone
(Sater et al., 1994). Pharmacological and ion substitution
experiments indicated that the alkalinization is generated1 To whom correspondence should be addressed. Fax: (713) 743-
2636. E-mail: asater@jetson.uh.edu. by Na/-dependent Cl0/HCO03 exchange. This alkalinization
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the alkalinization treatment, explants were cultured in modi®edoccurs during stage (st.) 10.5, making it among the earliest
Barth's solution (MBS).cellular responses to neural induction thus far identi®ed.
Our earlier work suggested that the alkalinization played a
role in the initiation of neural development, since inhibi-
Cell Dissociation and Reaggregationtion of the alkalinization blocked expression of en-2 protein
in planar explants. For dissociation experiments, animal caps were isolated at st. 8,
Second, arti®cial alkalinization leads to a change in ecto- held in MMR until intact control embryos reached st. 10., and
dermal cell fate and the activation of new genes. Alkaliniza- incubated in Ca2/±Mg2/-free (CMF) HS / 0.4 mM EDTA for 10±
15 min. After removal of the external epithelium, the remainingtion of isolated animal cap ectoderm can trigger cement
cells were allowed to dissociate completely and then incubated ingland differentiation (Picard, 1975), expression of cement
HS containing either 10 mM NH4Cl or 15 mM methylamine asgland-speci®c or anterior-speci®c genes (Jamrich and Sato,
described earlier. Following this incubation period, the cells were1989; Sive et al., 1989), and alterations in keratin gene ex-
reaggregated by centrifugation at 500g for 10 min. Reaggregatespression (LaFlamme and Dawid, 1990). Moreover, expres-
were harvested immediately for RNA isolation and RT-PCR; at thesion of XANF2, an anterior neural-speci®c gene associated
time, intact controls were at approximately st. 11.5.
with formation of the pituitary, is observed in alkalinized
animal cap ectoderm (Mathers et al., 1995).
Our results indicate that intracellular alkalinization plays RT-PCR Assays
a critical role in the shift from the epidermal to the neural
For each sample, RNA was isolated from either 12 to 15 DMZdevelopmental pathway during gastrulation. Moreover,
explants or 15 animal caps after lysis in guanidinium thiocyanatethey show that intracellular alkalinization may act to initi-
as described in Chomczynski and Sacchi (1987). RT-PCR assaysate anterior neural-speci®c gene expression by regulating a
were performed largely as described by Wilson and Melton (1994),tyrosine kinase (or phosphatase). In view of recent studies
with the following modi®cations. One-quarter of the PCR productthat indicate that anterior neural speci®cation is dependent
was loaded on a polyacrylamide gel, and PCR products were visual-
upon a down-regulation of signaling through the BMP-4 re- ized by autoradiography. For cardiac actin and EF-1a, PCR ampli®-
ceptor, these ®ndings imply that the alkalinization ob- cations were carried out for 25 cycles; for all other genes, ampli®ca-
served during neural induction in explants is suf®cient to tions were carried out for 30 cycles. PCR cycle conditions were 1
reverse or override BMP-4-mediated signals. Thus, our re- min at 947C, 1 min at 567C, and 1 min at 727C. The following PCR
primers were used as described in Hemmati-Brivanlou and Meltonsults provide novel insight regarding cell signaling mecha-
(1994): NCAM, en-2, krox-20, and muscle actin. Additional primersnisms that function during neural speci®cation in vivo.
are as follows: otx2: U, 5*-CGGGATGGATTTGTTGCA-3*, and D,
5*-TTGAACCAGACCTGGACT-3*; noggin: U, 5*-AGTTGCAGA-
TGTGGCTCT-3*, and D, 5*-AGTCCAAGAGTCTCAGCA-3*; Hox
METHODS B9: U, 5*-AAAGGGACTGAAGGAACCGC-3*, and D, 5*-TCT-
TCATCTTCATCCTTCGG-3*; and EF-1a: U, 5*-ACAACCCTG-
ACACTGTTGCC-3*, and D, 5*-TAGTTCCGCTGCCAGATC-Preparation of Explants
CTTC-3*.
The cDNA fragments ampli®ed by the otx-2, noggin, Hox B9,Embryos were produced, dejellied, and maintained as described
earlier (Sater et al., 1993). Stages refer to those of Nieuwkoop and and EF-1a primers are 202, 280, 236, and 123 bp, respectively. The
EF-1a primers ¯ank a 90-base intron; thus, they are used to monitorFaber (1967). Planar explants of the dorsal marginal zone (DMZ)
were 20±25 cells wide and extended 30±35 cells from the dorsal RNA recovery and contamination with genomic DNA.
lip of the blastopore. Thus, these explants included the involuting
marginal zone (prospective notochord and somite), the noninvolu-
ting marginal zone (prospective hindbrain and spinal cord), and the Two-Dimensional Electrophoresis and
prospective anterior neural ectoderm (see also Keller et al., 1992; Immunoblots
Sater et al., 1993). Explants of the dorsal marginal zone were iso-
lated at st. 10/ and the external epithelium was removed for most Explants were lysed in lysis buffer (50 mM Tris±HCl, pH 7.5,
9.1 M urea, 100 mM dithiothreitol, 50 mM NaF, 2% NP-40, 5 mMexperiments. Explants were cultured in modi®ed Danilchik's me-
dium (DFA; Sater et al., 1993), beneath a permeable anopore mem- EDTA, 2 mM phenylmethylsulfonyl ¯uoride, 25 mM leupeptin, 0.2
U/ml aprotinin, 1 mM NaV3O4, 5% ampholytes [pH 3±10, pH 4±brane (Nunc) where necessary to maintain a planar con®guration
without reducing exposure to the medium. Solutions containing 6.5, and pH 5±8, in a ratio of 3:1:1; Pierce]) and sheared 10 times
through a 27.5-gauge needle. Samples were centrifuged in an Ep-the anion transport inhibitor 4,4*-dihydrodiisothiocyanatostilbene-
2,2*-disulfonate (H2DIDS) (Molecular Probes) were prepared imme- pendorf microcentrifuge for 20 min at 47C, and the protein content
of the supernatant was estimated using the Bradford assay (Bio-diately before use; H2DIDS is unstable in solution (Cabantchik and
Rothstein, 1974). Rad). Aliquots of 100 mg of protein from each sample were separated
by two-dimensional gel electrophoresis (O'Farrell, 1975); samplesExplants of animal cap ectoderm were isolated at st. 8, held in
Marc's modi®ed Ringer (MMR) until sibling control embryos were generally run in duplicate. Proteins were transferred to nitro-
cellulose (Towbin et al., 1979), and the resulting Western blotsreached st. 10, and then transferred to Holfreter's solution (HS)
containing 10 mM NH4Cl, a treatment known to produce anterior were probed with the antiphosphotyrosine antibody PY20 (Signal
Transduction Laboratories) and developed with ECL detection re-neural and cement gland-speci®c gene expression; 15 mM methyl-
amine; or no alkalinizing agent. Solutions containing alkalinizing agents (Amersham). Preliminary experiments indicated that a 2-
min exposure was within the linear range of the detection system.agents were brought to pH 7.6 with HCl before use. Following
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Within a single experiment, blots to be compared were visualized
on a single piece of ®lm to avoid variations in detection.
In Situ Hybridization
In situ hybridization was carried out by a modi®cation of Har-
land (1991), as described in Cox and Hemmati-Brivanlou (1995),
using nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phos-
phate as a substrate mix.
RESULTS
Intracellular Alkalinization Is Necessary for
Anterior Neural-Speci®c Gene Expression
Our previous work demonstrated that H2DIDS, an inhibi-
tor of Na/-dependent Cl0/HCO03 exchange, blocked intra- FIG. 1. Effects of H2DIDS on expression of neural-speci®c genes
in planar explants of the dorsal marginal zone. Planar explants ofcellular alkalinization during neural induction in planar ex-
the dorsal marginal zone were isolated at the onset of gastrulationplants of the dorsal marginal zone. To assess the role of the
(st. 10), stripped of external epithelium, and cultured in the pres-alkalinization in the response to neural induction, planar
ence (lane 2) or absence (lane 1) of 200 mM H2DIDS, an inhibitorexplants were cultured in DFA / 200 mM H2DIDS until
of Na/-dependent Cl0/HCO03 exchange that prevents intracellularlate neurula (st. 20). They were then harvested for RNA
alkalinization during neural induction. Explants were collected for
isolation and RT-PCR. The results are shown in Fig. 1. RNA isolation and RT-PCR when intact control embryos reached
While NCAM, the anterior neural gene otx2, and the poste- st. 20. Treatment with H2DIDS from gastrulation onward (st. 10±
rior neural-speci®c gene Hox B9 are all expressed in DMZ 20) inhibits expression of NCAM and the anterior neural gene otx2;
explants cultured in DFA (Fig. 1, lane 1), NCAM and otx2 expression of the posterior neural-speci®c gene Hox B9 is unaf-
are greatly reduced or absent in explants cultured in the fected (lanes 1 and 2). In whole embryos at this stage, otx2 is ex-
pressed in the presumptive anterior neural (forebrain and midbrain)presence of H2DIDS (Fig. 1, lane 2).
and cement gland regions (Blitz and Cho, 1995), while Hox B9 isTwo experiments assessed the speci®city of the inhibi-
expressed throughout the spinal cord (Sharpe et al., 1987). Treat-tory effects of H2DIDS on neural-speci®c gene expression.
ment of planar explants with H2DIDS after gastrulation (st. 13±First, explants were cultured in DFA during gastrulation; at
20) does not inhibit expression of otx2 or NCAM (lane 3). Planarearly neurula stage (st. 13), the culture medium was re-
explants treated with both H2DIDS and methylamine during gas-
placed with DFA / 200 mM H2DIDS for the remainder of trulation (st. 10±13) express otx2, but not NCAM, indicating that
the culture period (Fig. 1, lane 3). The otx2 and NCAM genes arti®cial alkalinization by methylamine partially rescues the ef-
are expressed at normal levels in these explants, indicating fects of H2DIDS (lane 4) (n ¢ 4 experiments).
that expression of these genes is no longer sensitive to
H2DIDS once gastrulation is complete. Additional explants
were treated simultaneously with 200 mM H2DIDS and 15
mM methylamine, an alkalinizing agent, from the time were examined by in situ hybridization. Planar DMZ ex-
plants prepared from st. 10/ embryos were cultured in thethey were isolated at the beginning of gastrulation until st.
13. Explants were then washed once, and the medium was presence or absence of H2DIDS; for these experiments, the
epithelium was left intact to reduce the fragility of the ®xedreplaced with DFA containing 200 mM H2DIDS (Fig. 1, lane
4). Treatment with methylamine during gastrulation res- explants. A third set of explants was cultured in DFA con-
taining H2DIDS/ 15 mM methylamine. When sibling con-cues expression of otx2 in explants exposed to H2DIDS,
although NCAM expression is not restored. These results trol embryos reached st. 11, the methylamine-treated ex-
plants were washed twice and then cultured in DFA /indicate that arti®cial alkalinization provides a partial res-
cue of the inhibitory effects of H2DIDS. This rescue of otx2 H2DIDS. All explants were ®xed when sibling control em-
bryos reached st. 12.5±13. Each in situ hybridization wasexpression via arti®cial alkalinization most likely re¯ects
the restoration of otx2 in the presumptive anterior neural performed on a minimum of 14 explants obtained from four
or more independent experiments.ectoderm, rather than in the mesoderm. The prechordal
mesoderm, in which otx2 expression would be strongest, is Representative results are shown in Fig. 2. In control
DMZ explants, otx2 is expressed in a broad band throughexcluded from these explants; moreover, arti®cial alkalin-
ization does not lead to the activation of mesoderm-speci®c the presumptive neural ectoderm and in the anterior meso-
derm (Fig. 2A). In explants treated with H2DIDS, ectoder-genes such as Xbra (data not shown).
The effects of H2DIDS and methylamine on the expres- mal H2DIDS expression is dramatically reduced, while me-
sodermal otx2 expression is unaffected (Fig. 2B). In contrast,sion of otx2 and the mesoderm-speci®c genes not1 (von
Dassow et al., 1993) and goosecoid (gsc; Cho et al., 1991) treatment with methylamine and H2DIDS produces robust
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FIG. 2. Expression of otx2, not1, and gsc in planar explants cultured in the presence or absence of H2DIDS. DMZ explants were cultured
either alone (A, D, and G) or in H2DIDS (B, E, and H); a third set was cultured in H2DIDS / methylamine until mid-10.5, and then in
H2DIDS alone (C, F, and I). Explants were ®xed when controls reached the end of gastrulation and hybridized with antisense probes
directed against otx2 (A, B, and C), not1 (D, E, and F), or gsc (G, H, and I). Explants are oriented with the ectoderm toward the top.
Treatment with H2DIDS blocks expression of otx2 in the ectoderm without affecting mesodermal otx2 expression (B); not1 is moderately
reduced, but still present (E). Addition of methylamine to H2DIDS-treated explants restores ectodermal otx2 expression, but virtually
abolishes mesodermal expression of otx2 (C) or not1 (F). Expression of gsc (arrowheads) is similar in all three explants (G, H, and I). Each
in situ hybridization was performed on 14±22 explants obtained from four to seven independent experiments.
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otx2 expression in the ectoderm and abolishes expression ectoderm with either 15 mM methylamine or 10 mM am-
monium chloride. Several previous studies have shown thatin the mesoderm (Fig. 2C). Thus, restoration of otx2 expres-
sion by methylamine is speci®c to the ectoderm. treatment of animal cap ectoderm with ammonium chlo-
ride is suf®cient to elicit expression of several anterior char-The inhibitory effects of H2DIDS on anterior neural-spe-
ci®c gene expression could in theory be due to a loss of acteristics, including cement gland formation (Picard,
1975), cement gland-speci®c gene expression (Jamrich andinductive signals produced by the mesoderm, rather than a
disruption in the response to these signals by the ectoderm. Sato, 1989; Sive et al., 1989; LaFlamme and Dawid, 1990),
and expression of XANF-2, a gene associated with the ante-To investigate the effects of H2DIDS on mesodermal gene
expression, in situ hybridizations were also performed using rior pituitary (Mathers et al., 1995). Treatment with 10 mM
ammonium chloride produces a transient alkalinization ofprobes for the anterior mesodermal gene gsc and the noto-
chord-speci®c gene not1. In control explants, not1 is 0.1 pH units (Sater et al., 1994), while treatment with 15
mM methylamine leads to a sustained alkalinization of 0.15strongly expressed in the presumptive notochord, posterior
to the otx2-expressing anterior mesoderm (Fig. 2D). Expres- pH units (Guthrie et al., 1988). Thus, the magnitude of the
alkalinization in either case is similar to the 0.1±0.2 pHsion of not1 is somewhat reduced in explants treated with
H2DIDS (Fig. 2E). In explants exposed to H2DIDS and me- unit alkalinization observed during neural induction (Sater
et al., 1994). The duration of the alkalinization elicited bythylamine, not1 expression is barely detectable (Fig. 2F),
again revealing the disruptive effects of methylamine on methylamine, however, more closely approximates that ob-
served during neural induction.mesodermal gene expression.
The reduction in not1 expression observed in H2DIDS- Animal cap ectoderm was isolated at st. 8 and transferred
at st. 10 to HS / either 15 mM methylamine for 3 h or 10treated explants can be attributed in part to the effects of
H2DIDS on morphogenetic movements. H2DIDS inhibits mM NH4Cl for 4 h. The length of the methylamine treat-
ment was reduced so that the tissue isolates would retainconvergent extension, and H2DIDS-treated explants rarely
show a boundary between the notochord and the somitic their cohesion. After the alkalinization treatment, explants
were transferred to MBS and cultured until sibling controlareas or the aligned cells characteristic of converging and
extending mesoderm (A. K. Sater, unpub. obs.). Notochord embryos reached st. 24, when they were harvested for RT-
PCR analyses.formation is elicited by signals associated with the noto-
chord±somite boundary, and prospective notochord cells Alkalinization of animal cap ectoderm results in expres-
sion of otx2 and NCAM (Fig. 3). The noggin gene is alsoare exposed to these signals as they undergo mediolateral
intercalation during convergent extension (Domingo and expressed at substantially higher levels in alkalinized ani-
mal cap ectoderm than in untreated animal cap ectoderm.Keller, 1995). In explants in which convergent extension has
been retarded by mechanical constraint, notochord-speci®c Expression of en-2 was not consistently observed in alkalin-
ized ectoderm. Expression of krox-20 or Hox B9, genes asso-gene expression is greatly reduced (Domingo and Keller,
1995). ciated with more posterior positions within the neurectod-
erm, was not observed. Alkalinization had no apparent ef-By the end of gastrulation, gsc expression is con®ned to
a small area of the anterior mesoderm, and gsc levels in fect on expression of epidermal keratin (data not shown).
Methylamine and NH4Cl elicit expression of the same setcontrol explants (Fig. 2G) were consistently lower than
those of otx2 or not1. Nevertheless, expression of gsc in of genes, indicating that anterior neural-speci®c gene ex-
pression can be triggered by a small increase in pHi, similarH2DIDS-treated explants (Fig. 2H) is very similar to that of
both control explants and explants treated with methyl- in magnitude to that observed during neural induction. In-
duction of NCAM, otx2, or noggin by NH4Cl was at least asamine and H2DIDS (Fig. 2I).
These results suggest that H2DIDS does not signi®cantly strong as, if not stronger than, induction by methylamine,
indicating that the duration of the alkalinization is not aaffect gene expression in anterior mesoderm. While not1
expression is reduced in scope, it was clearly present in all positive factor in this response. Generally, for experiments
in which responses to both alkalinizing agents were exam-H2DIDS-treated explants examined (not shown). The noto-
chord-speci®c Tor70 antigen, which shows robust expres- ined, the neural-speci®c gene expression elicited by NH4Cl
was more robust than that elicited by methylamine. Thission in control explants, is present at moderate levels in
H2DIDS-treated explants (Sater et al., 1994). Thus, the inhi- may be due to nonspeci®c effects associated with the higher
concentration of methylamine or with differences in thebition of anterior neural-speci®c gene expression is most
likely to be due to the effects of H2DIDS on the prospective permeability properties of the two alkalinizing agents.
neural ectoderm, rather than to a general disruption of me-
sodermal gene expression that results in a loss of inductive
Rapid Effects of Arti®cial Alkalinization onsignals.
Expression of otx2 and noggin
Several anterior neural-speci®c genes, including otx2
Intracellular Alkalinization Is Suf®cient to Elicit (Blitz and Cho, 1995), XlPOU2 (Witta et al., 1995), and
Anterior Neural-Speci®c Gene Expression XANF2 (Mathers et al., 1995), are expressed in the newly
induced neural ectoderm by the midgastrula stage (st. 11±The effects of alkalinization alone on neural-speci®c gene
expression were examined by treating isolated animal cap 11.5). Since intracellular alkalinization during neural in-
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vested for RT-PCR. Arti®cial alkalinization of uninduced
ectoderm results in the up-regulation of otx2 and the activa-
tion of NCAM expression by st. 11 (Fig. 4). The noggin gene
is also expressed in response to alkalinization at this stage.
Up-regulation of otx2 and expression of NCAM and noggin
are also detected in neural plates isolated at st. 11 (Fig. 4).
These ®ndings suggest the possibility that the alkaliniza-
tion-induced expression of noggin might mediate the propa-
gation of a planar inductive signal.
Time Course of Response to Alkalinization
To determine how rapidly neural-speci®c gene expression
is activated in response to alkalinization, we assayed for
otx2 expression in ectoderm alkalinized for intervals rang-
ing from 15 min to 3 h. In initial experiments, ectoderm was
alkalinized beginning at st. 10; an alkalinization-dependent
increase in otx2 expression was detected 1 h after the onset
of alkalinization (Fig. 5A), when intact controls had reached
late st. 10.25. In subsequent experiments, however, ecto-
derm was not exposed to alkalinizing agents until the begin-
ning of st. 10.5. Alkalinization at this later stage elicited an
increase in otx2 expression within 15 min (Fig. 5B).
FIG. 3. Expression of anterior neural genes in alkalinized unin- These results indicate that intracellular alkalinization of
duced ectoderm. Animal cap ectoderm was isolated at st. 8 and ectoderm at st. 10.5 can activate anterior neural-speci®c
transferred at st. 10 to HS containing either 15 mM methylamine gene expression within 15 min. Moreover, alkalinization
or 10 mM NH4Cl. After either 3 h in methylamine or 4 h in NH4Cl, at early st. 10.5 evokes a relatively rapid response, while
animal caps were returned to MBS and cultured until st. 24, when
they were collected for RNA isolation and RT-PCR. Genes assayed
by RT-PCR are expressed in the following domains: otx2, anterior
neural ectoderm (primarily) (Blitz and Cho, 1995); noggin, anterior
neural ectoderm (Vodicka and Gerhart, 1995); NCAM, throughout
the central nervous system; en-2, midbrain±hindbrain boundary
(Hemmati-Brivanlou and Harland, 1989); krox-20, hindbrain (rhom-
bomeres 3 and 5) (Bradley et al., 1993); and Hox B9, spinal cord
(Sharpe et al., 1987). Muscle actin was assayed as a control for
mesodermal contamination and EF-1a was used to monitor RNA
recovery. Lanes: (1) 0RT, sample prepared without reverse tran-
scriptase; (2) WE, whole embryo st. 24; (3) Ctrl, untreated animal
caps; (4) Me, methylamine-treated animal caps; and (5) NH4,
NH4Cl-treated animal caps. Arti®cial alkalinization leads to ex-
pression of anterior neural-speci®c genes, but it does not activate
expression of posterior neural-speci®c genes (n  6 experiments).
duction in planar explants occurs during st. 10.5, we wished
to determine whether arti®cial alkalinization of uninduced
ectoderm during the early gastrula period would lead to a
FIG. 4. Arti®cial alkalinization elicits anterior neural-speci®crapid activation of anterior neural-speci®c gene expression.
gene expression by the midgastrula stage. Animal cap ectodermThe candidate neural inducer noggin is expressed in the
was isolated at st. 8 and alkalinized at st. 10 as described earlier.anterior neural plate at st. 12 (Vodicka and Gerhart, 1995).
Ectodermal isolates were collected for RT-PCR analysis at st. 11Therefore, we also assayed for expression of noggin to assess
(midgastrula). Arti®cial alkalinization activates expression ofwhether alkalinization could participate in the propagation
NCAM and noggin and up-regulates expression of otx2 (lanes 5 andof noggin expression through the plane of the dorsal ecto-
6). NCAM, noggin, and otx2 are detectable in the neural plate at
derm. st. 11 (lane 7). Lanes: (1) 0RT, no reverse transcriptase; (2) WE 24,
Animal caps were isolated at st. 8, maintained in MMR whole embryo st. 24; (3) WE 11, whole embryo st. 11; (4) Ctrl,
until st. 10, and then transferred to HS / 15 mM methyl- untreated animal caps; (5) Me, methylamine-treated animal caps;
amine or HS / 10 mM NH4Cl for approximately 3 h, until (6) NH4, NH4Cl-treated animal caps; and (7) NP11, neural plates
isolated at st. 11 (n  6 experiments).control embryos reached st. 11. Animal caps were then har-
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included intact animal caps and dissociated animal cap cells
incubated in HS without alkalinizing agents.
Alkalinized dissociated ectoderm cells express NCAM at
levels indistinguishable from those of intact animal caps,
whereas NCAM expression is barely detectable in nonalka-
linized dissociated cells (Fig. 6). Thus, the activation of
NCAM expression in response to alkalinization occurs inde-
pendently of cell contact. These results demonstrate that
the effects of intracellular alkalinization on neural-speci®c
gene expression are not mediated by an increase in gap-
junctional communication.
Rapid Effects of Arti®cial Alkalinization on Protein
Tyrosine Phosphorylation
We compared patterns of protein tyrosine phosphoryla-
tion in induced, uninduced, and alkalinized ectoderm, since
increases in pH have been shown to regulate tyrosine ki-
nases (Jiang et al., 1991; Yamaji et al., 1995) and cause an
increase in the tyrosine phosphorylation of speci®c proteins
(Hyrc and Rose, 1990). Protein samples were prepared fromFIG. 5. Up-regulation of otx2 expression is a rapid response to
alkalinization. Time course of otx2 expression in response to alka- (1) ectoderm isolated and harvested at st. 10/, (2) ectoderm
linization. (A) Animal caps were isolated at st. 8 and transferred at isolated at st. 10/ and aged in Holtfreter's solution until
st. 10 to HS in the presence or absence of 10 mM NH4Cl. Samples of st. 11, (3) ectoderm isolated at st. 10/ and aged in Holtfret-
treated (even-numbered lanes) and untreated (odd-numbered lanes) er's / 15 mM methylamine until st. 11, and (4) neural plate
animal caps were collected at intervals after the onset of the alka- ectoderm isolated at st. 11. For each sample, 100 mg of pro-
linizing treatment. Expression of otx2 and EF-1a was assessed by
tein was separated by two-dimensional gel electrophoresisRT-PCR. An increase in otx2 expression in response to alkaliniza-
(O'Farrell, 1975) and transferred to nitrocellulose (Towbintion is not detected until 1 h after exposure to NH4Cl (lanes 5 and
6) (results shown are from a single experiment; n  3 experiments).
(B) An identical experiment except that alkalinization was initiated
at early st. 10.5. An alkalinization-inducible increase in otx2 ex-
pression occurs within 15 min after exposure to NH4Cl (lanes 1
and 2). Low levels of otx2 are detected in untreated animal caps in
both experiments (results shown are from a single experiment; n
 4 experiments).
ectoderm alkalinized at st. 10 does not express otx2 until
it has aged until nearly st. 10.5. These ®ndings suggest that
ectoderm becomes able to express neural-speci®c genes in
response to alkalinization only as it approaches st. 10.5.
Effects of Alkalinization Are Independent of Cell
Contact
Since intracellular alkalinization can lead to an increase
in gap-junctional communication (Turin and Warner, 1980;
FIG. 6. Cell contact is not required for the up-regulation of NCAMSpray et al., 1981), we wished to determine whether the
expression in response to alkalinization. Animal caps were dissoci-expression of anterior neural-speci®c genes in alkalinized
ated at st. 10, and cells were incubated in the presence or absenceectoderm was dependent upon cell±cell contact. Animal
of NH4Cl or methylamine as described earlier. At the end of thecap ectoderm was isolated at st. 10, dissociated, and trans-
treatment period, they were reaggregated and collected for RNA
ferred to CMF±HS containing either 10 mM NH4Cl or 15 isolation (see Methods); at this time, intact control embryos were
mM methylamine as described earlier. After the treatment at st. 11.5. Intact animal caps were treated in parallel. Expression
period, ectoderm cells were reaggregated by centrifugation, of NCAM is up-regulated in cells that were dissociated during the
and the reaggregates were harvested immediately for RT- alkalinization period (lanes 6 and 7), as it is in alkalinized intact
animal caps (lanes 3 and 4) (n  4 experiments).PCR analysis; intact controls had reached st. 11.5. Controls
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FIG. 7. Arti®cial alkalinization elicits changes in protein tyrosine phosphorylation similar to those observed during neural induction in
vivo. Comparison of protein tyrosine phosphorylation in induced, uninduced, and arti®cially alkalinized ectoderm. Protein samples were
prepared from the following tissues: (A) animal caps isolated and lysed at st. 10/ (AC-10/), (B) uninduced ectodermÐanimal caps isolated
at st. 10/ and aged in culture until st. 11 (Aged AC-11), (C) alkalinized ectodermÐanimal caps isolated at st. 10/ and treated with 15
mM methylamine until st. 11 (Me AC-11) and (D) induced ectodermÐneural plates isolated at st. 11 (NP-11). For each sample, 100 mg
protein was run on a 2D gel; the gels were blotted, and the blots were probed with the anti-phosphotyrosine antibody PY20. Black arrows
indicate two of the proteins that are more heavily phosphorylated in induced or alkalinized ectoderm than in uninduced ectoderm at the
same stage. White arrows identify a protein spot that does not change in intensity among these samples; it serves as a control for differences
in loading. Samples were run in duplicate for each of ®ve experiments.
et al., 1979). Blots were probed with the anti-phosphotyro- duced ectoderm at st. 10/. These results suggest that induc-
tion of neural ectoderm is associated with the persistencesine antibody PY20 to identify spots that represented pro-
teins containing phosphotyrosine. and up-regulation of tyrosine phosphorylation of one or
more proteins; in the absence of inductive signals, theseThe results are shown in Fig. 7. Of 40 protein spots that
were reproducibly observed in these samples, 15 were pres- proteins are dephosphorylated.
ent in newly induced neural plate but absent from aged
uninduced ectoderm at the same stage. Twelve of these 15
protein spots were also present in alkalinized ectoderm at DISCUSSION
the same stage, albeit at levels lower than those observed
in induced ectoderm. A single prominent spot appeared un- We have shown that intracellular alkalinization is a key
component in the signaling mechanism that leads to thechanged in all samples; this spot was used to monitor differ-
ences in protein loading. Interestingly, most of the spots establishment of anterior neural fate during gastrulation.
Our results indicate that alkalinization is necessary for thethat are present in induced or alkalinized ectoderm and
absent from aged uninduced ectoderm also appear in unin- induction of anterior neural ectoderm by planar signals and
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suf®cient to activate expression of some anterior neural- tern modi®ers such as retinoic acid or Xwnt-3a (McGrew et
al., 1995), as well as regulative interactions between newlyspeci®c genes. Moreover, this alkalinization, which is
among the earliest indicators of neural speci®cation during speci®ed anterior and posterior domains within the neural
ectoderm (Saha and Grainger, 1992; Lamb and Harland,gastrulation (Sater et al., 1994), can elicit changes in gene
expression on a very rapid time scale in ectoderm at this 1995; Cox and Hemmati-Brivanlou, 1995).
stage. These changes include initiation of noggin expres-
sion, thus suggesting a cellular mechanism for an active
Neural Competencepropagation or relay of inductive signals through the plane
of the ectoderm or for homeogenetic induction of neural
Two of our results, however, suggest that the ectoderm
ectoderm (Servetnick and Grainger, 1991).
undergoes additional intrinsic changes that contribute to
The potential importance of ionic regulatory mechanisms
the establishment of neural fate. First, ectoderm cells are
in neural induction was ®rst suggested in earlier studies by
unable to respond to alkalinization until approximately st.
Holtfreter (1947) and Barth and Barth (1966, 1974). These
10.5, implying that there are components of cell signaling
latter investigations in particular implicated a Na/-depen-
or transcriptional regulation that are not functional until
dent pH-regulatory event in the switch from epidermal to
this time. Second, in the absence of neural inducing signals
neural fate. The subsequent use of ammonium chloride as
or alkalinization, there is an overall decrease in protein tyro-
a trigger for cement gland formation showed that intracellu-
sine phosphorylation within the ectoderm between st. 10
lar alkalinization is suf®cient to divert the developmental
and st. 11. Since these cells would have been exposed to
program away from an epidermal pathway (Picard, 1975;
BMP-4 beginning prior to gastrulation, the decline in tyro-
Jamrich and Sato, 1989; Sive et al., 1989). A role for intracel-
sine phosphorylation levels must be accounted for by intrin-
lular alkalinization during neural induction in vivo, how-
sic changes in either the balance of tyrosine kinase and
ever, could be evaluated only after our earlier study demon-
phosphatase activities or the response to continuing BMP-
strating that ectoderm cells undergo an intracellular alka-
4 signals. Alterations such as these may re¯ect cellular
linization during neural induction in planar explants (Sater
mechanisms underlying the competence to respond to sig-
et al., 1994).
nals that regulate the acquisition of anterior neural fate.
Positive and Negative Regulatory Signals in the
Possible Mechanisms of Action for AlkalinizationEstablishment of Neural Fate
Recent studies indicate that establishment of anterior Intracellular alkalinization is known to regulate a num-
ber of cellular processes in vivo, including gap-junctionalneural ectoderm is largely dependent upon the reversal of
repressive signals mediated by BMP-4 (Wilson and Hem- communication (Turin and Warner, 1980; Spray et al., 1981)
and tyrosine kinase activity (Jiang et al., 1991; Yamaji etmati-Brivanlou, 1997). The midblastula animal cap pos-
sesses a neural bias (Grunz and Tacke, 1989; Sato and al., 1995). Since an increase in either gap-junctional com-
munication or tyrosine kinase activity could conceivablySargent, 1989; Godsave and Slack, 1989, 1991) which is re-
pressed by the epidermal inducer BMP-4 (Wilson and Hem- mediate the effects of alkalinization on anterior neural-spe-
ci®c gene expression, we have attempted to determinemati-Brivanlou, 1995; Sasai et al., 1995; Hawley et al.,
1995). The candidate neural inducers noggin (Zimmerman whether either or both are targets of intracellular alkaliniza-
tion. Our results indicate that alkalinization leads to anet al., 1996) and chordin (Piccolo et al., 1996) have been
shown to bind directly to BMP-4 with very high af®nity, increase in tyrosine phosphorylation in several proteins that
are also phosphorylated during neural induction in vivo.strongly suggesting that they act as neural inducers by pre-
venting BMP-4 from binding to its receptor. In the absence Thus, activation of one or more tyrosine kinases, or down-
regulation of a tyrosine phosphatase, may mediate the ef-of other identi®ed anterior neural inducers, these ®ndings
suggest that deactivation of the BMP-4 signaling pathway fects of intracellular alkalinization on gene expression.
Our assessment of a possible role for gap-junctional com-may lead to intracellular alkalinization. Thus, the BMP-4
receptor may act to down-regulate the ion transport system munication is based on the assumption that if alkaliniza-
tion activates anterior neural-speci®c gene expression viaresponsible for intracellular alkalinization during neural in-
duction, the Na/-dependent Cl0/HCO03 exchanger. More- an increase in gap-junctional communication, then the ef-
fects of alkalinization should be dependent upon cell±cellover, our results indicate that intracellular alkalinization is
suf®cient to antagonize or override BMP-4-inducible signal- contact. Our comparisons of the response to alkalinization
in intact animal cap ectoderm and ectoderm dissociated ating pathways. Thus, intracellular alkalinization and the re-
sulting alterations in protein tyrosine phosphorylation may st. 10 indicate that cell±cell contact is not required for the
activation of neural-speci®c gene expression by intracellu-not provide information regarding new states of develop-
ment; rather, they may reverse the effects of BMP-4 and lar alkalinization. While these experiments do not address
the effects of alkalinization on gap-junctional communica-derepress the previously speci®ed anterior neural develop-
mental pathway. The elaboration of anteroposterior pattern tion, they do indicate that alkalinization is able to elicit
anterior neural-speci®c gene expression in the absence ofthat follows may result from the action of more posterior
neural-inducing signals, such as FGF, or posteriorizing pat- any such effects.
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